Abstract. Near-net shape casting of wrought aluminium alloys has proven to be difficult due to hot tearing. The Council for Scientific and Industrial Research (CSIR) has successfully processed wrought aluminium alloy 2139 into plate castings using the Rheo-high pressure die casting process (R-HPDC). Alloy 2139 is a Ag-containing aluminium alloy from the Al-Cu-Mg 2xxx series family. The addition of Ag enhances the age hardening response through the formation of co-clusters that act as precursors to the formation of plate-like Ω precipitates. These co-clusters typically form during natural ageing and 12-24 h of natural pre-ageing is normally specified before artificial ageing in Ag-containing Al-Cu-Mg alloys. The T6 hardness and tensile properties of R-HPDC 2139 alloy were investigated with and without natural pre-ageing. It is shown that there is no significant difference in both peak hardness and tensile properties in R-HPDC alloy 2139 with and without natural pre-ageing. The possible precipitation phenomena in both cases are discussed.
Introduction
Since the early 2000's, the Council for Scientific and Industrial research (CSIR) has been successfully processing wrought aluminium alloys into near-net shape from semi-solid metal processing using the Rheo-High pressure die casting (R-HPDC) system [1, 2] . One of the wrought alloys that have been successfully processed is the 2139 alloy, an alloy of the 2xxx Al-Cu-Mg series with an addition of silver (Ag) [3] . Casting these alloys by means of R-HPDC has advantages such as casting to near-net shape thus reducing steps such as machining after casting as well as components with low porosity and avoiding hot tearing during cooling [3] .
The 2xxx aluminium alloys series are heat treatable wrought alloys based on the Al-Cu-Mg system [4] and are strengthened by age hardening [4, 5] . In Ag-free alloys with a high Cu:Mg ratio, the strengthening is due to the formation of the metastable precursors of the θ (Al 2 Cu) phase during heat treatment [6] . The supersaturated solid solution (SSS) in these 2xxx alloy series alloys traditionally precipitates the Guinier-Preston (GP) zones following the sequence SSS→ Clusters → GP1 zones (θ ‫״‬ )→ GP2 zones (θʹ)→ Al 2 Cu(θ) [6] . Maximum hardness in the T6 temper condition is achieved with a mixture of coherent θ ‫״‬ and semicoherent θʹ. [7] . Microalloying of these alloys alters the precipitation response process [5, 8] , e.g. addition of Ag to the Al-Cu-Mg alloy with Cu:Mg ratio ~5 enhances age hardening response. This is because the addition of Ag promotes the formation of Ω-(Al 2 Cu) precipitates on the {111} Al planes rather than on the {100} Al planes of the θʹ (Al 2 Cu) [7, 8] . The precipitation of the thin plates Ω-Al 2 Cu enhances good tensile properties in addition to known good creep resistance and weldability of the Al-Cu-Mg-Ag system [7, 8, 9] . The Ω phase is advantageous because it enhances the yield strength of the material due to strong interaction with glide dislocations without encouraging shear localisation which is owed to its plate like shape [8, 10] . The wrought 2xxx alloy series has gained momentum into the aerospace application world, e.g. Al-Cu-Mg-Ag alloy 2139 has been of interest to the aerospace and defence industries owing to its desirable combination of strength, fracture toughness, fatigue and creep resistance as compared to other Al-Cu alloys [11] .
Studies on the strengthening processes of Al-Cu-Mg-Ag alloy with and without natural ageing (room temperature ageing after the solution treatment and quench) have been conducted by different researchers [9, 12] . Bakavos et al. [9] studied the precipitation mechanism based on artificial ageing following a period of natural pre-ageing. This natural pre-ageing time is typically specified as 12-24 h for Ag-containing Al-Cu-Mg alloys [13, 14] . The results showed that during natural ageing of 2139 alloy, Ag is believed to have a strong tendency to bind quenched in vacancies and lead to faster formation of Mg-Ag and Mg-Ag-Cu co-clusters, relative to Cu-GP zones and Cu-Mg co-clusters [9] . During subsequent artificial ageing, the co-clusters formed during natural ageing that survive reversion develop into Cu-Mg-Ag co-clusters or GP-zones with a {111} Al habit plane and act as precursors for the Ω (Al 2 Cu) plate-shaped precipitate rather than θ ‫״‬ [9] . This suggests that co-clusters formed during natural pre-ageing is a prerequisite for the formation of Ω phase during artificial ageing and T6 heat treatment cycles for these alloys typically specify a natural pre-aging period of 12-24h [13] .
However, Reich et al. [12] studied the early artificial ageing of an Al-Cu-Mg-Ag alloy where the samples were immediately artificially aged at 180°C after quenching (no natural pre-ageing). The initial stage (only a few seconds) of artificial ageing consisted of the rapid co-clustering of the Mg and Ag atoms. The co-clusters are aggregates of Ag and Mg at the initial stages and as Cu atoms accumulate to these co-clusters, they start to grow on the {111} Al planes [12] . These precipitates may be titled as {111} GP zones rather than the ordinary Cu GP zones on the {001} Al planes [12] . As artificial ageing progresses, these {111} GP zones transform to Ω, which become the dominant phase in the peak age condition. Therefore, it has been shown that Ω (Al 2 Cu) can form in the T6 condition with and without natural pre-ageing. Hence, the aim of this current study is to investigate the effect of the natural pre-ageing on the artificial ageing response and T6 mechanical properties of 2139 alloy processed by R-HPDC.
Experimental work
Plate castings of R-HPDC 2139 aluminium alloy were used for this study as shown in Fig. 1 . The composition of the alloy was determined using optical emission spectroscopy (OES) and is given in Table 1 . The solution heat treatment was optimised using steps described by Daswa et al. [15] . Samples with 24 h natural pre-ageing and without natural pre-ageing were artificial aged at 160 o C to determine artificial ageing curves [14, 16] . Vickers hardness was performed using a macrohardness tester applying 5kg load and using four measurements for each data point. The tensile properties of the alloys were determined using an INSTRON 1342/H1314 with 25 kN load cell capacity and an INSTRON Model 2620-602 extensometer with gauge length of 12.5mm. To determine the 0.2% proof stress (YS), a stress rate of 10MPa/s was used and for the ultimate tensile stress (UTS) determination a displacement rate of 10mm/min. These parameters were selected based on ASTM standard E8M-04. The extensometer was removed during tensile testing after reaching the 0.2% plastic strain value (typically after 1-2% strain) to prevent damage to the extensometer in the case of premature fracture. The % elongation after fracture was calculated in accordance with ASTM standard E8M-04, where gauge marks were drawn with ink on the tensile specimens. After fracture, the ends of the fractured specimen were fitted together carefully and the distance between the gauge marks measured.
Results and Discussion
Ageing Curves. Fig. 2 . shows the artificial ageing curves at 160 o C of the samples with and without natural pre-ageing. 
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There is a significant difference in hardness of samples with and without natural pre-ageing before artificial ageing commences (time = 0). This is because the naturally pre-aged sample has coclusters (Mg-Ag and Mg-Ag-Cu) that form during natural ageing resulting in a hardness of 109 Hv. The sample without natural pre-ageing is in the as-quenched condition and has solid solution strengthening, giving a hardness of only 82 Hv. After 30 minutes of artificial ageing, the hardness of the naturally pre-aged sample decreases slightly, most likely due to reversion of some natural ageing co-clusters [9] . The fast increase in hardness of the as-quenched sample is most likely due to the rapid co-clustering of the Ag and Mg atoms [12] . However, as can be seen from Fig. 2 , there is no significant difference in T6 peak hardness (after 24 h at 160 o C) of the samples with and without natural pre-ageing. A peak hardness of almost 160 Hv is reached in both samples, in agreement with Bakavos et al. [9] who obtained a peak hardness of ~160Hv for 2139-T8. Therefore, it could be proposed in this study that Ω precipitates formed as main strengthening precipitate regardless of natural pre-ageing. This is probably as a result of the formation of co-clusters of Mg-Ag during natural ageing, as well as during the initial stages of artificial ageing of the as-quenched sample, that act as precursors for the Ω phase [9, 12] .
Tensile properties. Tensile properties were determined for R-HPDC alloy 2139 in the T6 temper condition. Two conditions (no and 24hr of natural pre-ageing) were used on two plates for each condition. Four tensile samples were machined from each plate. Artificial ageing was done at 160 o C for 24h according to Fig. 2 to reach the peak T6 temper condition. Table 2 shows the average mechanical properties of four samples from each plate with and without natural pre ageing. Table 2 further shows the minimum military specification of the 2139-T8 temper condition. Table 2 shows that natural pre-ageing does not have a significant effect on the T6 tensile properties of this alloy, in agreement with the peak hardness values in Fig. 2 . It can further be seen from Table 2 that the R-HPDC processed 2139-T6 temper exceeded all the minimum military 2139-T8 temper specifications, including % elongation. In general, poor ductilities are usually achieved when conventional wrought alloys are SSM-processed, mostly due to hot tearing [16] [17] . However, the R-HPDC 2139-T6 in this study achieved excellent % elongation of approximately 10%. It must be noted, however, that alloy 2139 has a composition similar to that of casting alloy 201 and should therefore experience less hot tearing problems than other conventional wrought alloys.
Conclusions
The effect of natural pre-ageing and no natural pre-ageing on the T6 properties of R-HPDC aluminium alloy 2139 was investigated.
• No significant T6 peak hardness differences were found in the samples with and without natural pre-ageing.
• No effect on the T6 tensile properties were found with and without natural pre-ageing. This is most likely due to the formation of co-clusters of Mg-Ag during natural ageing, as well as during the initial stages of artificial ageing of the as-quenched sample, that act as precursors to the formation of the Ω phase [9, 12] .
Recommendations
An Atom Probe Tomography (APT) study of co-clusters that form during the early stages of artificial ageing of the as-quenched 2139 alloy, as well as co-clusters formed during natural ageing is recommended. This would explain the evolution of the clusters to peak-aged T6 precipitates during artificial ageing and would shed light on how similar peak hardnesses are obtained regardless of natural pre-ageing.
